A fundamental aspect of climate change is the potential shifts in flowering phenology and pollen initiation associated with milder winters and warmer seasonal air temperature. Earlier floral anthesis has been suggested, in turn, to have a role in human disease by increasing time of exposure to pollen that causes allergic rhinitis and related asthma. However, earlier floral initiation does not necessarily alter the temporal duration of the pollen season, and, to date, no consistent continental trend in pollen season length has been demonstrated. Here we report that duration of the ragweed (Ambrosia spp.) pollen season has been increasing in recent decades as a function of latitude in North America. Latitudinal effects on increasing season length were associated primarily with a delay in first frost of the fall season and lengthening of the frost free period. Overall, these data indicate a significant increase in the length of the ragweed pollen season by as much as 13-27 d at latitudes above ∼44°N since 1995. This is consistent with recent Intergovernmental Panel on Climate Change projections regarding enhanced warming as a function of latitude. If similar warming trends accompany long-term climate change, greater exposure times to seasonal allergens may occur with subsequent effects on public health. aerobiology | allergies | global warming
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aerobiology | allergies | global warming A llergic disorders represent an important group of chronic diseases in the United States, with estimated costs at approximately $21 billion per year (1) . Aeroallergen exposure is associated with two principal allergic diseases: allergic rhinitis (hayfever) and asthma. For much of geographic North America, there are three distinct plant-based aeroallergen seasons; tree pollen in the spring; grass pollen in the early summer, and, weed pollen, including ragweed (Ambrosia spp.) in the summer and fall. Pollen from the genus Ambrosia which includes A. artemisiifolia (short or common ragweed), A. trifida (giant ragweed), A. psilostachya (western ragweed), and A. bidentata (lanceleaf ragweed) has long been acknowledged to be a significant cause of allergic disease (2) . An extensive skin test survey demonstrated that at least 10% of the US population is ragweed sensitive; the prevalence of ragweed sensitivity among atopic individuals was 27% in two large case series (3, 4) . It has been reported that Ambrosia may cause more seasonal allergic rhinitis than all other plants combined (5) .
Although there is unequivocal evidence that the prevalence of allergic disease has increased in the United States and elsewhere during the last 30 y (6), the reasons for this increase are uncertain. One possibility is an overall increase in exposure to significant aeroallergens such as ragweed pollen. An increase in ragweed pollen exposure, in turn, may be due to a number of factors including anthropogenic land use and climate change, although the connection between aeroallergens and climate change remains elusive.
There are several potential mechanisms by which climate change might affect allergic disease. First, longer pollen seasons may increase the duration of human exposure to aeroallergens and may thus increase allergic sensitization. Second, longer pollen seasons may increase the duration of allergy symptoms in individuals with allergic disease. Finally, higher atmospheric pollen counts may increase the severity of allergic symptoms (6) .
To evaluate actual exposure to ragweed over time, a series of temporal measurements of ragweed pollen production is being determined by members of the National Allergy Bureau of the American Academy of Allergy, Asthma and Immunology. Although at present almost all US counting stations associated with this monitoring network (7) use Burkard Samplers, other volumetric devices (e.g., Rotorod Sampler) and gravimetric methods (e.g., Durham Sampler) have been used in recent decades. Unfortunately, quantitative comparisons between these various sampling methods are not possible (8) . This confounds some analyses involving climate change, pollen counts, and allergy epidemiology.
Longer pollen seasons have been suggested (9) based on previous reconstructions of phenology networks and analysis of anthropogenic warming. However, other long-term temporal studies investigating possible anthropogenic changes in aeroallergen load or seasonality have been inconclusive, with several studies indicating no consistent change in duration of a pollen season for a given location (10) (11) (12) (13) .
Prior struggles relating aeroallergen season length to climatic warming may reflect geographical variation. The Intergovernmental Panel on Climate Change (IPCC) assessments have emphasized that the current and projected increases in global warming are not uniform, and enhanced land-surface temperatures (relative to the global average) are more probable with poleward and altitudinal increases (14, 15) . If this is true, then longer aeroallergen seasons associated with anthropogenic warming could reflect elevational or latitudinal changes and may not be indicative of a given location per se.
Results
For this study, we apply this hypothesis regarding the differential rise in global surface temperatures to ragweed pollen data obtained by the National Allergy Bureau in the United States and Aerobiology Research Laboratories in Canada. By evaluating locations across central North America, a region of high spatial and altitudinal coherence, we could test the effects of latitude on season length of aeroallergen production for ragweed in response to climate warming as projected by the IPCC.
The National Allergy Bureau has eight locations with at least 15 y of ragweed data ranging from a latitude of 30.63°N (Austin, TX) to 46.88°N (Fargo, ND) ( Table 1) . A software program developed by Texas A&M University (16) was used to locate the nearest US weather station to obtain daily temperatures that corresponded to the pollen record. Ragweed data from two additional sites in Canada (Winnipeg, 50.1°N; Saskatoon, 52.1°N) were obtained from Aerobiology Research Laboratories. Corresponding weather data for these latter sites was obtained from Environment Canada, National Climate Data and Information Archive (17) .
Pollen counting stations along this south-north latitudinal transect from east Texas to Saskatoon extended ∼2,200 km (Table 1) . Although the number of years of collection data varied, comparisons were made for a common temporal period (from 1995 through 2009) for each location. Simple regressions (± 95% confidence intervals) were used to determine changes in the start and end dates of the ragweed season over this period for each location. There was a highly significant correlation between latitude and increase in the length (days) of the ragweed pollen season over the period from 1995 to 2009 (r 2 = 0.95). Seasonal changes in temperature, particularly the number of frost-free days and delays in the onset of the first fall frost were plotted for each location and compared with the duration of the ragweed pollen season for each location (Fig. 1 ). There was a clear increase in frost-free days and a temporal shift in the delay of fall frosts that were associated with an increase in the ragweed season length during the last two decades (Fig. 1) . Other weather phenomena, most notably annual seasonal precipitation, did not change in any systematic fashion as a function of latitude, and no correlation was observed with pollen season length for this same time period (Fig S1) .
For each pollen collection location, latitude was compared with both the number of frost-free days and changes in the length of the ragweed pollen season (Fig. 2 ). These data demonstrate a clear correlation between frost-free days and ragweed pollen season as a function of latitude. This finding is consistent with both IPCC projections regarding climate impacts (14) , and with greater shifts in the plant hardiness zones for the upper midwestern United States (18) .
Discussion
A number of studies have made compelling arguments that plant phenology is shifting in response to global environmental change (19) . These shifts in timing of plant activity provide valuable confirmation that species as well as ecosystems are being affected by global change. However, a clear association between such shifts and aeroallergen exposure times has been unavailable.
Perhaps the most studied plant species in the context of earlier temperature shifts has been birch (Betula spp.), a known aeroallergen and cause of allergic disease in both North America and Europe. Emberlin (12, 20) 
, however no change in season length was reported. Research with Betula is complicated by differential responses among birch species to low winter temperatures (22) , and often difficulties in distinguishing birch pollen from pollen of similar species (23) . Although trees release aeroallergens during the spring, warmer winters may result in earlier flowering, or delays in flowering and floral numbers, depending on the tree species' specific need for vernalization.
Multiyear pollen season analysis has also been determined in a few cases for other known aeroallergen species (10, 24, 25) . Over a 21-y period, an analysis of 11 different plant taxa demonstrated that 71% of the taxa flowered earlier each year (10); however, no pollen type demonstrated any increase in season length. A recent Italian study (26) did report increased seasonal floral durations and pollen counts for Parietaria (prob. judaica) as well as olive and cypress, but only for western Liguria (approximately) 47°N. It is unclear whether this increase is a result of greater relative impact of warming at this latitude or of urbanization per se (27) . Years represent the number of years for which pollen data were available. Regression analysis was used to determine the "best-fit" line for all years for a given location. This analysis was then used to determine the start and end day of each year (±95% confidence interval) for the duration of the ragweed pollen season in 1995 and again in 2009. *Significant increase in the length (days) of the ragweed pollen season.
Outside of anthropogenic changes related to land use, for example, the importation or destruction of tree species due to changing architectural and landscape preferences (28) , it has been thought that aeroallergen exposure times have remained consistent in relation to human activity (6) . Because of its wellrecognized association with allergic disease, a number of studies have demonstrated a probable role between climate change (i.e., rising CO 2 and temperature), phenology, and pollen production of common ragweed (29) (30) (31) . However, these links were established at the laboratory level (30) and as a function of urbanization (27) . The current study illustrates, on a continental scale, a clear association between recent warming, and an increase in the duration of ragweed pollen season, a major aeroallergen. Furthermore, this finding regarding surface temperatures and allergy season length is consistent with the IPCC projections of disproportionate warming at higher latitudes (14) .
To more accurately assess the intensity and duration of the pollen season in response to anthropogenic warming, standardized local pollen collection should be expanded. Pollen data, relevant meteorological variables, carbon dioxide concentrations, and local land use variables as well as clinical data could address this need, particularly in regard to health-relevant outcomes (32, 33) . In this way, it will be possible to better determine the contribution of climate change on aeroallergen concentrations in the United States and the resultant public health impacts, and to derive appropriate scientific and policy solutions.
Materials and Methods
The American Academy of Allergy, Asthma and Immunology (AAAAI) administers the National Allergy Bureau (NAB; http://www.aaaai.org/nab/ index.cfm), a network for monitoring clinically relevant outdoor aeroallergens in the United States. Composed primarily of physician's offices, volunteer members meet various quality standards for pollen sampling and counting proficiency. For the Aerobiology Research Laboratory sites in Canada, postgraduates are trained in pollen and spore identification using optical microscopes and a standardized, computer-aided counting methodology (http://www.aerobiology.ca/company/profile.php). All data used to determine pollen season length for ragweed was obtained by certified pollen counters at the stations listed in this study.
Counting stations were selected based on two criteria: geographic position along a South-North transect, and at least 15 y of ragweed pollen data. A search of pollen records among the NAB collection sites in the central United States indicated eight locations with 15+ y of data collection on site. These data were obtained directly for the location, or if available, supplemented from the American Academy of Allergy and Immunology, Aeroallergen Monitoring Network Pollen and Spore Reports that were published from 1965 through 1993 by the AAAAI. With the exception of Minneapolis, care was chosen to consider counting stations that were not near major metropolitan (i.e., +500,000) centers. Collection data were met, in part, by combining previously published reports by the American Academy of Allergy and Immunology, Aeroallergen Monitoring Network for Ambrosia pollen start and end dates (if available) as well as post 1993 data obtained from the same counting locations.
Two additional criteria were applied to ragweed pollen records based on plant physiological parameters: First, ragweed is a short-day plant, meaning that it will not flower before June 21st; as such, if pollen was recorded on or before this date, it was not considered; Second, any pollen reported for ragweed after average daily minimum temperatures fell at or below 0°C were not recorded. This is because ragweed is frost sensitive and does not survive below this temperature (34) . Pollen counts outside this range generally did not occur over the time period examined. Within these parameters, start and end dates of the pollen season were defined as the days of year when 1% and 99% of the cumulative season ragweed pollen total were reached.
A stepwise regression program (Statview; SAS Institute) was used to determine the best-fit regression line for each location with respect to pollen season, year, frost-free days, and day of year for first fall frost. Regressions of frost-free days, pollen season, and latitude were significant using a 3D mesh curve with Sigmaplot (version 10.0; SAS Institute). In this analysis predictive intervals were used to determine a 95% confidence limit for the start and end of ragweed pollen season for each location for a 15-y period from 1995 through 2009.
Weather data, including precipitation, was downloaded from the nearest available station that matched all years of pollen data collection as described here. Data were then examined to determine first and last days of the year when average daily minimum temperatures fell to 0°C or below, and this interval was recorded as frost-free days. In addition, the day of year for the initial fall frost was documented. Precipitation indicated no consistent effect on pollen season with latitude ( Fig. S1 and Dataset S1). 
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